I. INTRODUCTION
This paper is devoted to the study of the sintering behavior of alumina powders and especially to powder films constrained by dense ceramic substrates. Many research works have been made to design ceramic materials with high toughness, i.e. flaw or crack tolerant. Laminar ceramics appear as a good opportunity to enhance stmctural reliability of materids (I) . Structures composed of a stacking of layers of different compositions are actively developed (2) (3) (4) (5) . For our part, we are currently working on materials consisting of dense ceramic sheets bonded with porous ceramic layers. The dense ceramic substrates provide high strengh while the porous layers are used to avoid catastrophic propagation of the cracks. A powder film is deposited between two substrates and the resulting material is sintered without any external pressure. The shrinkage of the powder film is actually constrained by the two substrates and can only occur in the zOz' direction. This paper is focused on the densification behavior of the constrained layer since the densification rate is altered by the xOy constraint. Scherer and Garino (6) originally proposed a constrained-film sintering model. However, alumina constrained sintering (solid state diffusion) is not well described in this approach (7).
We propose then a rnicrostructural model where the "pore size" evolution is considered. It allows to describe the densification kinetics related to the predominant diffusion mechanism. The lower densification rate, observed in the case of a constrained sintering, can then be explained on the basis of the "pore size" evolution.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19937230 11. ELABORATION PROCESS 11.1. start in^ materials Alumina powders were high purity powders (Baikowski CR 15,99.99 %) and the mean grain size, estimated from SEM measurements, was 0.28 pm. f!$03 substrates were polycristalline materials (Coors 96 %) or non oriented monocristalline substrates for the dilatometric studies. The thickness of the substrates was 635 pm.
Elaboration Drocess
An A1203 dispersed slurry, 10 w. %, is prepared at pH = 4 with an addition of 1 w. % of polyvinylalcohol. The slurry is then sprayed on a substrate. A uniform powder layer can be obtained and its thickness (between 70 and 200 pm) is controlled using gas flow and/or spraying time parameters. The sandwich material is realized by pressing together 2 or more substrate-film parts at 65 MPa. Sintering is then carried out at 1400°C in air without any applied pressure.
SINTERING BEHAVIOR

1. Emerimental ~rocedure
The densification behavior of two type of samples was investigated : non constrained pellets and sandwiched powder layers. Free sintered samples were initially 6 or 8 mm diameter pellets.
Their green relative density was 0.44. Constrained specimen were powder films deposited between saphire substrates. The green relative density of the powder was also 0.44. Densification kinetics were obtained from dilatometric measurements. Some individual data were obtained from weight and dimension measurements to check relative density values. Grain size were measured from SEM micrographs of fractured specimen. Equivalent pore size were deduced from image analysis measurements on the same SEM micrographs.
Results
The evolution of the relative density of the free and constrained samples versus sintering time is In the same way, the respective evolution of
grain size (G) versus sintering time is illustrated in and constrained powder layers.
The microstructure of a ceramic can be considered as the sum of numerous elementary cells. The basic geometry element has been chosen to be the well known tetrakaidecahedron. Each unit cell (tetrakaidecahedron) actually contain one grain, size G, and its associated porosity, modelized by a cylinder located along the edge of the polyhedron (radius rp). Contrary to the Coble's model where the number of pores is assumed to be constant during the intermediate stage of the densification, we introduce a parameter "a" to describe both the evolution of the "number of pores" (separation of a unique cylindrical pore in many cylindrical pores) and their size. It means that only a fraction of the total length of the poIyhedron edge can be occupied by a pore. "a" is then defined as the ratio of the occupied edge length on the total length. The porous volume per grain can then be expressed as :
On the other hand, Vp = (1 -p) . ~~/ 2 and the edge length of the polyhedron is :
The decrease of "a" with sintering time is significant of the elimination of the interconnected porosity and its transformation into isolated porosity.
Densification rate
The flux of atoms per unit length arriving in a cylindrical pore has been defined by many authors (9-11). Then, for a unit cell and considering that the diffusion is controlled by grain boundary (diffusion field limited by the thickness 6 of the grain boundary) the total flux can be expressed as :
The variation of the porous volume per cell is given by : dV /dt = J . n (n : atomic volume) Then, considering that PIp = -$ 1~~ where Yp is the variation of the porous volume and VT the total volume of the sample, the densification rate can be written as a function of "a", G and p :
IV. DISCUSSION
Experimental values of "a", G and p for free sintered samples, allow to plot the curve 10g[ti.W/a3/~] as a function of -log(G) (Fig. 3 ). It appears clearly that the experimental data are well aligned. The slope of the straight line should represent the exponent of G in relation (4) . A value of 4 is actually found, which must be the case for a grain boundary solid state diffusion mechanism. Then, the characterization of the sintering behavior of the constrained ceramic film is obtained by testing our model with the constrained experimental data. Like in the previous case, the fit with a grain boundary diffusion model is excellent (slope = 3.97). The predominant diffusion mechanism must be the same since the alumina powder used in the two type of samples was the same and since the substrates were also pure alumina. The difference in the sintering behavior is then related to the porosity evolution. The constraint due to the dense substrates leads to an increase of the average pore size in the powder layer, as it can been seen in Fig. 4 . Mobility of grains, close to the substrates, is highly reduced due to their attachment to the substrate. Therefore, sintering can only occur by grain motion from the center of the layer to the substrates, leading to pore opening (coalescence) around inhomogeneities initially present in the green powder film. Since the diffusion flux is inversely proportional to the size of the pores, the densification rate is reduced. This effect is clearly shown when "a" is written as a function of rp and the densification rate becomes : 
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V. CONCLUSION A solid state diffusion mechanism has been proposed. It involves a parameter "a" which describes explicitely the evolution of the porosity during sintering. A better description of the evolution of the ceramic microstructure during sintering using G and "a" is obtained. Sintering of the studied alumina powder is controlled by a grain boundary difision mechanism. The specific behavior of the constrained ceramic film appears related to the evolution of the porosity as shown by tha "a" parameter. Coalescence of pores in the early stage of the sintering process leads to a significant reduction of the densification kinetics.
